Refi ning best management practices (BMPs) for future highway construction depends on a comprehensive understanding of environmental impacts from current construction methods. Based on a before-after-control impact (BACI) experimental design, long-term stream monitoring (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)) was conducted at upstream (as control, n = 3) and downstream (as impact, n = 6) sites in the Lost River watershed of the Mid-Atlantic Highlands region, West Virginia. Monitoring data were analyzed to assess impacts of during and after highway construction on 15 water quality parameters and macroinvertebrate condition using the West Virginia stream condition index (WVSCI). Principal components analysis (PCA) identifi ed regional primary water quality variances, and paired t tests and time series analysis detected seven highway construction-impacted water quality parameters which were mainly associated with the second principal component. In particular, impacts on turbidity, total suspended solids, and total iron during construction, impacts on chloride and sulfate during and after construction, and impacts on acidity and nitrate after construction were observed at the downstream sites. Th e construction had statistically signifi cant impacts on macroinvertebrate index scores (i.e., WVSCI) after construction, but did not change the overall good biological condition. Implementing BMPs that address those construction-impacted water quality parameters can be an eff ective mitigation strategy for future highway construction in this highlands region.
Refi ning best management practices (BMPs) for future highway construction depends on a comprehensive understanding of environmental impacts from current construction methods. Based on a before-after-control impact (BACI) experimental design, long-term stream monitoring (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ) was conducted at upstream (as control, n = 3) and downstream (as impact, n = 6) sites in the Lost River watershed of the Mid-Atlantic Highlands region, West Virginia. Monitoring data were analyzed to assess impacts of during and after highway construction on 15 water quality parameters and macroinvertebrate condition using the West Virginia stream condition index (WVSCI). Principal components analysis (PCA) identifi ed regional primary water quality variances, and paired t tests and time series analysis detected seven highway construction-impacted water quality parameters which were mainly associated with the second principal component. In particular, impacts on turbidity, total suspended solids, and total iron during construction, impacts on chloride and sulfate during and after construction, and impacts on acidity and nitrate after construction were observed at the downstream sites. Th e construction had statistically signifi cant impacts on macroinvertebrate index scores (i.e., WVSCI) after construction, but did not change the overall good biological condition. Implementing BMPs that address those construction-impacted water quality parameters can be an eff ective mitigation strategy for future highway construction in this highlands region.
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Yushun Chen, Roger C. Viadero, Jr., Xinchao Wei, Ronald Fortney, and Lara B. Hedrick West Virginia University Stuart A. Welsh West Virginia University, U.S. Geological Survey James T. Anderson and Lian-Shin Lin* West Virginia University A s urbanization proceeds, new highways are constructed for transportation and development, and stream ecosystems within highway corridors are susceptible to impacts from construction activities. In the United States, about 19% of the total land area has been directly aff ected by public roads system (Forman, 2000) . As one of the major nonpoint pollution sources, the construction of new highways can have short-and long-term eff ects on stream biotic and abiotic conditions (Barton, 1977; Chisholm and Downs, 1978; Cline et al., 1982; Taylor and Roff , 1986; Anderson and Potts, 1987; Stout and Coburn, 1989; Wellman et al., 2000; Hedrick et al., 2007) . Th ese eff ects mainly resulted from sedimentation, habitat degradation, changing of leaf processing, and inputs of toxins from construction materials (Barton, 1977; Chisholm and Downs, 1978; Stout and Coburn, 1989; Eldin, 2002) .
Various BMPs have been developed and implemented to prevent environmental impacts of human activities. Vegetated buff ers (e.g., vegetative fi lter strips, riparian buff ers, and grassed waterways), fertilizer or manure management, rotational grazing or crop rotation, and constructed wetlands were often used for controlling agricultural pollutants (e.g., Lowrance et al., 1984; Djodjic et al., 2002; Davis et al., 2003; Sharpley et al., 2004; Bishop et al., 2005; Braskerud et al., 2005; Muenz et al., 2006; Liu et al., 2008) . For highway and urban pollution, vegetated buff ers and mulches, porous pavement materials, retention or detention basins and ponds, silt fence, seeding, and natural riparian wetlands have been implemented as BMPs to treat runoff and control soil erosion (Burton et al., 1976; Barton, 1977; Taylor and Roff , 1986; Pagotto et al., 2000; Benik et al., 2003; Gillilan, 2003; Van Bohemen and Janssen Van De Laak, 2003; Han et al., 2005; Li et al., 2006; Hogan and Walbridge, 2007; Houser and Pruess, 2009 ). However, eff ectiveness of some of those implemented BMPs on water quality protection is still unclear (Easton et al., 2008) .
In the U.S. Mid-Atlantic Highlands, habitat destruction is of great concern due to urban sprawl and land use change (USEPA, 2000a) . However, few studies have reported the eff ects of highway construction on biotic and abiotic conditions in this highlands region. One section of a new four-lane paved highway, the Appalachian Corridor H, was constructed from June 2000 to August 2003 in the Lost River watershed, northeastern West Virginia. Th e West Virginia Division of Highways (WVDOH) implemented silt fencing, sedimentation ponds, mulches, and grass seeding as BMPs to mitigate possible environmental impacts from the Corridor H construction (Gillilan, 2003; Hedrick et al., unpublished data, 2008; Will Ravenscroft, personal communication, 2008) . Hedrick et al. (2007) found no signifi cant eff ects of this highway construction on fi ne sediment and benthic macroinvertebrate metrics in two tributaries of the Lost River neither during construction nor 1 yr after construction (from 2002-2004) . However, longer-term eff ects of highway construction on water quality and biotic conditions at the watershed level are still unclear.
In this paper, data collected during three time periods at nine stream sites were used to assess the eff ects of the highway construction on water quality and biological conditions in the Lost River watershed. Research questions addressed in our study include: (i) Are there any eff ects of highway construction on stream water quality during and after construction?; and (ii) Are there any eff ects of highway construction on stream benthic macroinvertebrates index scores during and after construction?
Materials and Methods

Study Area, Experimental Design, and Site Characteristics
Th e Lost River watershed, with an area of 472.8 km 2 and elevation ranging from 304 to 1006 m, is located in Hardy County, northeastern West Virginia (Fig. 1) . Lost River fl ows from southwest to northeast of the area. A four-lane highway (i.e., the Appalachian Corridor H) was constructed from June 2000 to August 2003 across the northern part of the watershed. Th e BACI design was used to assess environmental impacts of the highway construction (Stewart-Oaten et al., 1986; Underwood, 1994) . Based on habitat similarity (i.e., similar cumulative habitat scores which were calculated from rating 10 physical habitat parameters; Hedrick et al., unpublished data, 2008; Barbour et al., 1999) , nine sites along the highway were selected to monitor water quality and macroinvertebrate conditions in selected streams with similar stream orders (Table 1a; Fig. 1 ).
According to fi eld observations and Geographical Information System (ArcGIS software 9.2, ESRI, Redlands, CA), six sites (HC-1, HC-3, HC-4, HC-5, HC-6, and HC-8) were downstream sites (i.e., stream sites within the highway impacted drainage area), and three sites (HC-2, HC-7, and HC-9) were upstream sites (i.e., stream sites upstream of the highway impacted drainage area) (Fig. 1) . HC-1 and HC-2 were located on the main stem of the Lost River. HC-3 was located downstream of Baker Run and a tributary of Bake Run which was crossed by highway ( Fig. 1) . HC-4 was located on Baker Run and downstream of confl uence of Baker Run and Long Lick Run (Fig. 1) . HC-7 was located upper Baker Run and upstream of the confl uence. HC-5 and HC-6 were located on Long Lick and one of its tributaries, respectively (Fig. 1) . HC-8 was located on another tributary of the Long Lick and downstream of the highway. HC-9 was located on Kimsey Run which is a tributary of the upper Lost River (Fig. 1) . Distances from highway construction ranged from 33 to 1047 m at the downstream sites, and from 584 to 11,300 m at the upstream sites (Table 1a) . Similar land uses were distributed in the nine subwatersheds which include more than 60% of forested land, <40% of pasture land, and about 2% of other land uses, respectively (Table 1b) . Based on fi eld observations and aerial photographs, these land use types changed little during the study period except the presence of new highway for the downstream subwatersheds (i.e., 3, 4, 5, 6, and 8) . In these downstream subwatersheds, highway length ranged from 1.6 to 16.3 km (Table 1b) 
Data Collection
Water Quality Data
Water samples at the upstream and downstream sites were collected every 6 wk (n = 76 for upstream and 127 for downstream sites) before construction, every 8 wk (n = 59 for upstream and 120 for downstream sites) during construction, and quarterly (n = 42 for upstream and 84 for downstream sites) after construction. Direct fi eld measurements were conducted at each site. Water temperature (°C), pH, and specifi c conductivity (μs/ cm) were measured with a portable multi-parameter YSI meter (Model 63, Yellow Springs Instruments, Yellow Springs, OH). Turbidity (NTU) was measured with a portable turbidimeter (Model 2100P, HACH Company, Loveland, CO) that was calibrated before each use. Flow velocity was measured with a portable fl owmeter (Model 2000, Marsh-McBirney Inc., Frederick, MD). Discharge was determined by stretching a measuring tape across a stream, dividing the transect into convenient increments, measuring width, depth, and mean fl ow velocity in each increment, and summing up individual discharges from all increments (Gore, 1996) . In addition, water samples were collected and analyzed in laboratories for total suspended solids
, and phosphate (mg/L). Th e analysis procedures of the Standard Methods (APHA, 1998) were followed for these analyses. Values determined to be below the method detection limits were presented as 0.5 of detection limit (USEPA, 1998).
Benthic Macroinvertebrates Data
Benthic macroinvertebrate samples were collected biannually (i.e., spring and fall) before (n = 11 for upstream and 18 for downstream sites), during (n = 13 for upstream and 36 for downstream sites), and after (n = 18 for upstream and 41 for downstream sites) highway construction using a modifi ed version of a single habitat protocol described by Barbour et al. (1999) . Briefl y, a 500-micrometer net with standard dimensions of 0.5 m wide by 0.3 m high was used to sample 0.25 m 2 of riffl e area. Th e net was placed in a riffl e with the stream fl ow perpendicular to the net. Surfaces of large rocks in the riffl e area were rubbed into the water fl owing into the net, and the substrate was then disturbed to a maximum depth of 4 cm (Hedrick et al., 2007) . Th e collected samples were preserved with 95% ethanol in the fi eld. In the laboratory, each sample was spread evenly and divided into two equal halves, one-half of the sample (if the total number of the half sample was more than 200) or the whole sample (if the total number of the half sample was <200) was used for enumeration (Barbour et al., 1999; Hedrick et al., 2007) , and macroinvertebrates were enumerated and identifi ed to family level according to Merritt and Cummins (1996) . Ecological conditions at the sampling sites were characterized by WVSCI which was released by USEPA and WVDEP in March 2000 (USEPA, 2000b) . Th e index was able to correctly indicate biotic health of streams which were stressed by human disturbance or pollution in West Virginia (USEPA, 2000b; Merovich and Petty, 2007; Hedrick et al., 2007) . Th e index involved calculation of six normalized metrics into an index score using family level data. Th e six metrics were EPT (Ephemeroptera, Plecoptera, Trichoptera) taxa, total taxa, % EPT, % Chironomidae, % top 2 dominant taxa, and Hilsenhoff Family Biotic Index (HBI). Th e metric scores were normalized and ranged from 0 to 100, and scores were classifi ed into fi ve categories of condition: 0-22 (Very Poor, VP), > 22-45 (Poor, P), > 45-68 (Fair, F), > 68-78 (Good, G), and > 78-100 (Excellent, E) (USEPA, 2000b).
Statistical Analyses
To meet the assumptions of parametric tests, all parameters except pH were transformed with a logarithm function (i.e., Log 10 [original value +1]), and normality of the transformed data was examined by using Shapiro-Wilk's test (Helsel and Hirsch, 1992) . Principal components analysis was conducted in SAS (SAS version 9.1, SAS Institute Inc., Cary, NC) to measure the water quality variance and to condense 15 water quality parameters for further analyses. Water quality parameters included in the PCA were water temperature, turbidity, TSS, conductivity, discharge, pH, alkalinity, acidity, sulfate, chloride, iron, calcium, nitrate, ammonia, and phosphate. Axis scores or principal component scores (i.e., PC scores) were calculated for each observation. Th e fi rst axis (i.e., PC 1) encapsulated the maximum possible information content (i.e., variance) of the dataset, and the second axis (i.e., PC 2) contained the maximum information remained (Shaw, 2003) . Principal component loadings were considered signifi cant if their values were >0.30 or smaller than -0.30 (McGarigal et al., 2000) .
Like all other ordination methods, PCA only summarizes the data variance and pattern. To test and contrast the significance of these variances between the upstream and downstream sites in three monitoring periods, scores of the fi rst two PC factors (i.e., PC 1 and PC 2) were then analyzed using paired t test (Helsel and Hirsch, 1992; Wellman et al., 2000; Petty et al., 2001; Shaw, 2003) . Th e paired t test is easy to explain and understand when comparing the diff erences of a series of paired observations from the upstream and the downstream sites (Helsel and Hirsch, 1992; Maltby et al., 1995; Wellman et al., 2000; Colangelo and Jones, 2005; Murtaugh, 2007) . To identify the individual impacted water quality parameters, time series and paired t tests were applied to compare diff erences of each parameter between the upstream and downstream sites in each monitoring period.
Th e paired t tests were also used to test and contrast the diff erences of WVSCI between the two types of stream sites in each of the three monitoring periods. For each monitoring period, the paired t tests used paired means (i.e., mean of upstream sites and mean of downstream sites for each sampling visit) to calculate their diff erences and tested if the diff erences were statistically diff erent from zero in SAS (SAS version 9.1, SAS Institute Inc., Cary, NC). Signifi cant probability level was set at α < 0.05 for all tests.
Results
Water Quality
Th e PCA reduced the 15 water quality parameters to four principal components (i.e., eigenvalues > 1.0). Table 2 lists the eigenvalues and percent variances explained by these four principal components, PC scores, and fi nal communality estimates of the water quality parameters. PC 1 and PC 2 explained 35.4% of the total variance of the water quality data. High positive values for PC 1 were characterized by increasing calcium, alkalinity, conductivity, pH, water temperature and chloride. High positive values for PC 2 were indicated by increasing TSS, chloride, turbidity, acidity, sulfate, nitrate, conductivity, iron, and decreasing pH (Table 2) .
Th e paired t tests detected signifi cant diff erence in PC 1 between the upstream and the downstream sites before highway construction (df = 29, t = 4.54, P < 0.0001; Table 3 ). No signifi cant diff erence was found between the two stream types during (df = 19, t = 1.25, P > 0.05; Table 3 ), and after (df = 13, t = -1.91, P > 0.05; Table 3 ) highway construction. Th e tests found no signifi cant diff erences in PC 2 between the upstream and the downstream sites before (df = 29, t = -0.59, P > 0.5; Table 3 ), during (df = 19, t = -0.07, P > 0.5; Table 3), and after (df = 13, t = -0.72, P > 0.1; Table 3) highway construction.
Th e paired t tests on individual water quality parameters indicated that four water quality parameters (i.e., turbidity, chloride, acidity, and nitrate) were not statistically diff erent before the highway construction but were diff erent in either during or after construction between the two stream types (Table 4 ; Fig. 2a-2d ). Comparisons of turbidity between the two stream types showed signifi cant diff erence during (df = 9, t = 3.26, P < 0.01; Table 4 ; Fig. 2a ) and no signifi cant diff erence after (df = 15, t = 0.88, P > 0.05; Table 4 ; Fig. 2a ) the highway construction. Chloride showed signifi cant diff erence both during (df = 9, t = 7.36, P < 0.0001; Table 4 ; Fig. 2b ) and after (df = 15, t = 9.65, P < 0.0001; Table 4 ; Fig. 2b ) the highway construction. After the highway construction, there were signifi cant diff erence between the two stream types in acidity (df = 15, t = 2.75, P < 0.05; Table 4 ; Fig. 2c ) and nitrate (df = 15, t = 2.26, P < 0.05; Table 4 ; Fig. 2d ). Six of the 15 water quality parameters (i.e., TSS, total iron, sulfate, alkalinity, conductivity, and total calcium) had signifi cant diff erences between the two stream types before the highway construction (Table 4) . TSS and total iron showed higher values at the downstream sites than those at the upstream sites during the highway construction (Fig. 3a-3b) . Sulfate increased at the downstream sites during and after the highway construction but remained at the before construction level at the upstream sites (Fig. 3c) . Trends of alkalinity, conductivity, and total calcium over the whole monitoring period at the downstream sites were similar to those at the upstream sites (Fig. 3d, 4a-4b) . Conductivity showed signifi cant diff erence between stream types in each of the monitoring periods (Table 4 ; Fig. 4a ). Differences of alkalinity and total calcium between stream types changed from extremely signifi cant (P < 0.001) before construction, to signifi cant (P < 0.05) during construction, and to signifi cant (i.e., total calcium, P < 0.05) or no signifi cant (i.e., alkalinity, P > 0.05) after construction (Table 4 ; Fig. 3d, 4b) . Th e paired t tests found no signifi cant diff erence between the two stream types for the remaining fi ve water quality parameters (i.e., water temperature, discharge, ammonia, phosphate, and pH) in each monitoring period.
Benthic Macroinvertebrates Index
Th e paired t tests found that the diff erences of WVSCI between the upstream and downstream sites were not signifi cant before (df = 5, t = 2.26, P > 0.05; Table 4 ; Fig. 4c ) or during (df = 5, t = 0.39, P > 0.5; Table 4 ; Fig. 4c ), but were signifi cant after (df = 6, t = -3.72, P < 0.01; Table 4 ; Fig. 4c ) the highway construction. Most values of WVSCI were above the good biological conditions at the two stream types in all three monitoring periods (Fig. 4c) .
Discussion
Water quality parameters of PC 1 (i.e., calcium, alkalinity, conductivity, pH, water temperature, and chloride) were signifi cantly diff erent between upstream and downstream sites before highway construction, and had no statistical diff erences in the later two monitoring periods. Th e PC 2 (i.e., TSS, chloride, turbidity, acidity, sulfate, nitrate, conductivity, iron, and pH) showed no signifi cant diff erences in each of the monitoring periods. Based on these results, we tend to conclude that the highway construction may only have aff ected the PC 1 parameters. However, the shared water quality parameters (i.e., conductivity, pH, and chloride; Table 2) in PC 1 and PC 2 may have changed the directions of the overall PC 2 variance, and hidden variances of possible construction-impacted parameters in PC 2 (Table 3) . Th is may be one of the possible limitations when inferential tests were applied on PC scores of the current data. Th is also indicated that we cannot only depend on the PCA and inferential tests on PC scores to fully explain the current data. Th e time series and paired t tests on individual water quality parameters showed that seven of them were directly affected by the highway construction (Table 4) . Specifi cally, the highway construction had impacts on turbidity and TSS at the downstream sites during construction (Table 4 ; Fig. 2a and  3a) . Th ese results were consistent with those in other studies (Barton, 1977; Beschta, 1978; Chisholm and Downs, 1978; Taylor and Roff , 1986; Anderson and Potts, 1987; Colangelo and Jones, 2005) . But the magnitudes of the TSS and turbidity increases in the present study were less than those reported in other studies (Taylor and Roff , 1986; Anderson and Potts, 1987) . Th is may be attributed to the construction erosion controls (e.g., sediment fencing and ponds) implemented by the WVDOH (Hedrick et al., 2007; Will Ravenscroft, personal communication, 2008) . Also, the riparian forest and pasture may partially contribute to the relative lower increases of TSS and turbidity in the current study. Eff ects on total iron were also observed at the downstream sites during construction (Fig.  3b) . Th is was in agreement with the results of Extence (1978) who found high values of iron at the downstream site of a motorway construction in the Great Britain. Highway construction had impacts on stream chloride and sulfate during and after construction, and eff ects on acidity at the downstream sites after construction (Fig. 2b-2c and 3c ). Sulfate may have been released from disturbed soils to streams downstream of construction areas. Th e increased acidity after highway construction can be partially attributed to increased concentrations of sulfate at downstream sites. High concentrations of chloride were most attributed to construction activities. To our knowledge, no study has reported the eff ects of highway construction on stream acidity, sulfate, or chloride. But our results support the conclusion that detection of highway construction impacts on stream chemical conditions may require long-term monitoring (Barton, 1977; Taylor and Roff , 1986) . Statistically signifi cant eff ects on nitrate were also observed after highway construction, but the diff erences were small (Fig. 2d) . Elevated nitrate concentrations from highway construction were consistent with results from long-term monitoring of highway impacted Hanlon Creek in Southern Ontario, Canada (Taylor and Roff , 1986) . Th e slight impacts on nitrate after highway construction in the Lost River watershed may have resulted from the use of mulches, fertilizer, and hydroseeding as BMPs for erosion and sediment control (Gillilan, 2003) . Th is also can be partially attributed to riparian forested and pasture land uses instead of cropland in the current study. In Coastal Plain streams of the Chesapeake Bay, pasture was found to be less important in nitrate inputs than that of cropland (Jordan et al., 1997; Weller et al., 2003) . Based on the results, managing TSS, turbidity, chloride, iron, nitrate, acidity, and sulfate may be an eff ective strategy for protecting water quality from future highway constructions in the study region. According to the results of the PCA, these construction-impacted water quality parameters were mostly associated with PC 2 (Table 2) . Moreover, the time series of alkalinity, conductivity, and total calcium showed a consistent regional trend in the studied watershed (Fig. 3d,  4a-4b ). Th ey are the primary water quality variances (i.e., PC 1) which were identifi ed by the PCA (Table 2 ). However, from the time series plots, conductivity seems more unstable at downstream sites after construction (Fig. 4a) . Th e decreased signifi cant diff erence levels of alkalinity and total calcium between stream types throughout the three monitoring periods may be partially resulted from highway impacts (Fig. 3d, 4b ). Th ese identifi ed construction-impacted parameters (i.e., PC 2) and primary regional water quality trends (i.e., PC 1) from the time series and paired t tests testifi ed the powerful function of the PCA in major variances summarization.
Th e paired t tests identifi ed impacts of the highway construction on scores of WVSCI after construction. Hedrick et al. (unpublished data, 2008) analyzed the individual macroinvertebrate metrics, and found the highway construction increased the percent of chironomidae and Hilsenhoff Biotic Index (HBI), and decreased Ephemeroptera, Plectoptera, and Trichoptera (EPT). Th e decreases of stream condition index may have partially resulted from the construction-impacted water quality parameters at the downstream sites. However, most observed WVSCI scores indicated either Good (G) or Excellent (E) biological condition for all sites in the three monitoring periods based on the EPA's criteria ( Fig. 4c; USEPA, 2000b) . Th is was consistent with the slight effects on the water quality parameters identifi ed above. In eastern England streams, Perdikaki and Mason (1999) also found no overall signifi cant impacts of road run-off on the macroinvertebrate community. A signifi cant decrease in macroinvertebrate metrics such as EPT taxa richness may need some threshold level of fi ne sediment accumulation (e.g., 0.8-0.9%) in these Appalachian streams (Kaller and Hartman, 2004) . Moreover, the forested and pasture riparian areas can have less impacts on macroinvertebrate assemblages than that of cropland (King et al., 2005) . Some important points emerged from this study. First, it is still unclear about the cause of the longitudinal trends of acidity, alkalinity, conductivity, and total calcium over the whole monitoring period (Fig. 2c, 3d, and 4a-4b) . A possible cause is the climate related processes (e.g., acid deposition) in the Mid-Atlantic region (USEPA, 2000a) . Second, the present study mainly focused on the eff ects of highway construction. Longer term monitoring is needed to illustrate the subsequent impacts such as heavy metals, nutrients, and hydrocarbons pollution from daily transportation (Hoff man et al., 1985; Wu et al., 1998; Kim et al., 2006; Kayhanian et al., 2007) , chloride from deicing (Ostendorf et al., 2001) , and subsequent urbanization (Angermeier et al., 2004; Wheeler et al., 2005; Line and White, 2007) .
Conclusions
Highway construction in the Lost River watershed had statistically signifi cant eff ects on seven major water quality parameters identifi ed by PC 2 namely impacts on turbidity, TSS, and total iron during construction, eff ects on chloride and sulfate during and after construction, and eff ects on acidity and nitrate after construction. Highway construction had statistically signifi cant impacts on the scores of stream benthic macroinvertebrates index (i. e., WVSCI) after construction, but did not change the overall good biological condition. Construction-impacted water quality parameters should be considered for developing mitigation strategies and refi ning currently implemented BMPs for future highway constructions in this highlands region.
